The Drosophila chorion factor 1/ultraspiracle (CF1/USP) transcription factor, a homologue of the retinoid X receptor, is a developmentally important member of the family of nuclear (steroid) hormone receptors. Using newly developed monoclonal antibodies and a full-length bacterially produced protein, we have studied in detail the in vitro DNAbinding properties of this factor and aspects of its distribution in vivo. During oogenesis, CF1/USP is present both in germline cells and in the somatic follicular epithelium. We have determined the optimal binding site of partially purifiled bacterially produced CF1/USP by an in vitro selection procedure and also have characterized its binding to the follicular-specific chorion siS promoter. In vito this bacterially produced factor is unusual in binding to a single element ("half-site"); simultaneous but noncoordinate binding to a second half-site is possible if these repeated elements are organized in direct orientation and spaced adequately. However, the factor interacts synergistically with several other nuclear hormone receptors: notably, it can form in vito heteromers with mammalian thyroid and retinoic acid receptors, binding to two half-sites that are organized in either direct or inverted orientation. In vivo the factor most probably functions as a heterodimer, but its partner(s) remains to be determined.
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Steroid and other nuclear hormone receptors are a family of ligand-modulated transcription factors that regulate cell differentiation and development as well as homeostasis and reproduction (1, 2) . These receptors bind to DNA promoter or enhancer motifs ("hormone response elements" or HRE), which typically contain two copies of short, receptor-specific sequences called "half-sites," oriented either as direct (e.g., refs. [3] [4] [5] or as inverted (e.g., refs. 6 and 7) repeats. Although some members of the family bind to HREs as homodimers, others can heterodimerize, potentially enhancing the range of regulatory processes that can be served by a single HRE (8) .
In Drosophila melanogaster, the paradigm for metazoan genetics, nine members of this family have been identified so far, with strategic roles in embryogenesis, postembryonic development, and morphogenesis (2) . We first cloned one of these factors by its binding to a potential HRE in the chorion siS promoter and named it chorion factor 1 (CF1) (9) ; this receptor was also cloned independently by homology to the DNA-binding domain of vertebrate hormone receptors (10, 11) . This orphan receptor, CF1/USP, is encoded by the ultraspiracle locus (usp) (10) , a maternally and zygotically required gene with multiple functions in development (12) . CF1/USP is most closely related to the subfamily of vertebrate retinoid X receptors (RXRs), suggesting that its ligand might be a retinoid metabolite (13) (14) (15) .
In our initial work (9) , experiments using the chorion si5 promoter and a bacterially produced protein fragment indicated that CF1/USP binds to a single half-site. We have now confirmed this unusual feature in detailed studies of the binding properties of this factor in vitro. CF1/USP binds moderately strongly to a single HRE half-site; a second half-site on the same DNA can be used simultaneously but not cooperatively, provided it is present as a direct repeat with sufficient spacing. In contrast, the factor is prone to interact with other members of the family, and in vivo most likely it functions as heterodimers with one or more as yet unknown partners. Binding studies in vitro demonstrate that this fly factor can assemble on DNA with mammalian thyroid hormone receptor (THR) and retinoic acid receptor (RAR).
MATERIALS AND METHODS
Bacterial CF1/USP Preparations. Truncated CF1 (T-CF1) was prepared as described (9) . For production of CF1, a genomic DNA usp fragment [a gift from A. Oro (Salk Institute)] (12) was subcloned into the phage T7-Escherichia coli expression system (16) . Host E. coli BL21 (DE3) was used for protein production as described (17) . CF1 was partially purified on a phosphocellulose column. Details will be described elsewhere.
To prepare glutathione S-transferase fusion protein (GST-CF1), pGST-CF1 was constructed by inserting a blunt-ended Nde I/EcoRI fragment of pCF1 containing usp into bluntended pGEX-2T plasmid digested with BamHI. The fusion protein was purified as described (18) .
Optimal Site Selection. The optimal binding site of CF1 was determined as described (19) (20) (21) . A 60-base-pair (bp) oligonucleotide containing a completely random 20-bp region (CCGCTCGAGGATCCN20GAATTCCCGGGAAG) was end-labeled to high specific activity with polynucleotide kinase and was used in electrophoretic mobility shift assay (EMSA) gels. Nontransformed bacterial extract was used in parallel as the negative control. The retarded complex observed by autoradiography was excised, and the DNA was recovered (21 purification/PCR amplification under progressively more stringent conditions (21) . DNA recovered from the gel after cycles 3 and 5 was subcloned into a plasmid, and independent clones were sequenced.
Antibody Detection of USP on EMSA Gels. Standard EMSA gels were run as described (9) . The gel was electrotransferred onto stacked nitrocellulose and Zeta-Probe (Bio-Rad) membranes, allowing the protein to adhere to nitrocellulose while the DNA travels through to the Zeta-Probe membrane. The nitrocellulose membrane was probed by antibodies. Details of this method will be described elsewhere.
Preparation of Nuclear Receptors Expressed in Cell Lines. The insert of plasmid pCF1 was subcloned into the expression vector PCDNAI (Invitrogen, San Diego). Total extracts from COS cells transiently transfected by the resulting plasmid were prepared as described by Kumar and Chambon (6 
RESULTS
Tools for Studying CF1/USP. usp clones were expressed in bacteria, yielding three CF1/USP preparations that henceforth will be abbreviated T-CF1, CF1, and GST-CF1 (Fig.  1A) . T-CF1 was obtained by expression of the original clone (9), which encodes 280 amino acid residues centered on the DNA-binding domain. CFl was obtained from a full-length clone that encodes 508 residues. GST-CF1 was identical except that it was fused at its NH2 terminus with GST, permitting subsequent purification on glutathione-agarose beads. Immunoblot (Western blot) analysis using mouse mAbs to CF1 revealed that all three preparations were polydisperse as a result of partial degradation (Fig. 1B) . CF1 fractions enriched in full-length product were obtained by gradient salt elution from a phosphocellulose column and were used in most of the subsequent DNA binding studies.
Comparative Western blot analysis permitted mapping of the epitopes for two different mAbs. The DH9 mAb recognizes the extreme NH2 terminus of the CF1/USP protein: it does not bind to T-CF1, but, importantly, it binds to glutathione-selected GST-CF1 fragments of 28 kDa-merely 2 kDa larger than the vector-encoded glutathione S-transferase alone. The NH2 terminus is nonconserved even among RXR-type proteins (15) , making DH9 an ideal tool for CF1/ USP detection. For example, DH9 detects a single 55-kDa band in Western blots of nuclear extracts from a variety ofD. melanogaster cell types, including the follicular epithelium (Fig. 1B) CCCCTCGTCC   GGGGTCACG   GGCCAGCCCGC   GGC  GGGGTCACG  TCCGAGGG  GGGGTCACG  GGGCCGCACTA   TGGC  GGGGTCACG  CGATTTG  GGGGTCACG  CCGCCAACACC  GGGGTCACG  CGTTAATCGCC   GG  GGGGTCACG  GCGCCGTAT  GCGACC  GGGGTCACG  GTGCC  GC  GGGGTCACG  TCCGGCCAG   AGAGAGGCC GGGGTCACG CC  TGCAGGTAG GGGGTCACG TG  GGGGTCACG GACCGGTGCCC  GGGGTCACG GCCCGCCCCAT   GGGGTCACG GCCG&GCTGCC   GGGGTCACT  TCCCCGCCCCA  TGGAGCGGGC  GGGGTCAGG   G   GGGGTCACC  ATCCACGGGCA  GGAGAGTGGTC  GGGGTCATC  GGGGTCAAG  ACGGGCCCCTG  GGGGTCACA  CAGCGCCACCA  GGATGCACGA   GGGGTCACC A   GGGGTCAAG  GTCACGCTGCC   GT GGGGTCACC GCAGCTGCC   GGGGTCACA  GCTACAGCCAT   TA   GGGGTCACC  GCCGTTTCG   TGGGCGGCA GGGGTCATG GG   GGGGTCAAC  TGCGCGCCCCT   GGGGTCATC CCTAGCTGCCC   GGGGTGACA  CTGGTGGCCCC   T  GGGGTCAGC  ATTACGTGCC  GGGGTCATC  GTACCGCCTCA  GGGGTCATT  CCATGCGACCA  GGGGTCAAT  CACCGGCCCCC   GGGGTC   AAGGTCACG   CTCC  GGGGTTGTA  TACCACCTCCT   A   CAGGTCGCA  AATTGTCCCC (-36 to -84) and a variant (same size oligonucleotide) bearing the alternative nonamer were tested in parallel in the EMSA procedure with progressively lower protein concentration. Fig. 3 confirms that CF1 binds preferentially to GGGGTCACG by approximately a factor of 3 relative to TAGGTCACG. Fig. 3 also shows that after only three cycles of selection, the consensus sequence was more permissive, GGGGT-CAC/tG/c, where lowercase letters signify alternate base preference. A total of 71 cloned sequences showed good or reasonable matches to this consensus.
Binding to Mutad siS Promoters. In agreement with the above results, both CF1 and T-CF1 binding to the siS HRE was disrupted by clustered substitutions eliminating the upstream half-site (Fig. 4, mutation c, lane 1) but was insensitive to loss of the downstream half-site (Fig. 4, mutation b, lane 2) . EMSA patterns of these factor preparations shared a major retarded band, but CF1 yielded additional lower-mobility bands that were enhanced with increasing content of long or full-length protein molecules. These bands were also insensitive to loss of the downstream half-site.
A single T -) A change at position -49 corrected the imperfect symmetry of the siS HRE, resulting in a perfect palindrome with two inverted GGTCA repeats separated by six nucleotides (Fig. 4 (Fig. 4, DR6 , lane 5). This apparent tandem binding of the factor was sensitive to spacing: it occurred on DR6, which has the normal 6-bp spacing between half-sites, but not on DR3, where the spacing is reduced to 3 bp (Fig. 4 , lanes 5 and 6, respectively). These results are consistent with the known preference of RXRs for direct rather than inverted repeats of proper spacing (26, 27) . However, tandem binding of CF1/USP did not appear to be cooperative, and the novel band was not as strong as those that correspond to binding at a single half-site, even when extensively purified CF1-was used. Moreover, tandem binding on DR6 was at least as prominent with T-CF1, despite the absence of the COOHterminal half of the protein.
Heteromerizatlon. CF1/USP shows substantial conservation with reference to vertebrate RXRs not only in the DNA-binding domain but also in the entire COOH-terminal half, including the putative high-affinity dimerization domain (15, 28) . Since the vertebrate homologues are known to heterodimerize with THR, RAR, and vitamin D receptor (23, (28) (29) (30) (31) , we explored the possibility that the Drosophila protein may also heterodimerize.
We have shown that indeed CF1 can form complexes with rat THRa (rTHRa) and that this interaction cannot occur with T-CF1. When rTHRa was mixed with CF1 in the presence of the wild-type siS promoter, novel and strong bands of low mobility appeared (Fig. SA) . These bands were identified as CF1-rTHRa-DNA complexes by Western blotting of the EMSA gels: while the bands seen with CF1 alone contain CF1/USP, the novel complexes contained rTHRa as well as CF1/USP (Fig. 5, B and C). For these complexes to form with the DNA, binding ofCF1 to the upstream half-site is essential, whereas DNA binding of rTHRa (to the downstream half-site as shown by footprinting analysis) is helpful but nonessential (see Fig. 5D , C + Ta): the complexes were abundant with the wild-type sIS sequence (lane 1), reduced by the b mutation (lane 3), and totally absent with mutation c (lane 2). Similar lower mobility complexes were seen when the same factors were used with a fragment ofthe malic enzyme promoter as the DNA target (data not shown).-Comparable experiments have also shown heteromerization between CF1/USP and hTHR, or hRARa (Fig. SE) . The heteromerization is specific, as it is not observed between CF1/USP and hRXRa (Fig. SE) however, DR6 appears to be optimal for heteromerization.
The observed heteromerization of fly and mammalian factors indicates that the pertinent features of RXRs have persisted through at least 500 million years of evolution, since the last common ancestor ofinsects and vertebrates (29) . This was previously hypothesized (27) 
